In situ surface imaging for nondestructive evaluation ͑NDE͒ by optical coherence tomography ͑OCT͒ before, during, and after ablative laser processing is presented. Furthermore, it is shown that the ability of in situ characterization is beneficial for samples such as optical fibers, which are difficult to handle in the standard analysis. Surface images taken by the OCT are compared with these common analysis tools such as scanning electron microscopy ͑SEM͒, reflected-light, and confocal microscopy. An axial resolution of ϳ126 nm for surface detection and a lateral resolution Ͻ2.5 m are obtained and the potential of the setup to imaging structures with high aspect ratio is demonstrated.
I. INTRODUCTION
High resolution laser micromachining is a demanding application for positioning and alignment systems. It requires careful adjustment of the sample and online controlling of parameters such as ablation rate and focus position. Nondestructive testing and evaluation ͑NDT/NDE͒ is an important part of the laser process and of the quality management in general. Ex situ characterization of the machined work piece with the need of subsequent readjustment into the processing system are time consuming and hold the risk of contaminating and damaging the microstructure. In this paper, we will present a concept to solve these problems by the integration of an optical coherence tomography ͑OCT͒ module for in situ control into an existing F 2 -laser microprocessing system.
OCT is a recently introduced method for nondestructive, noncontact, and multidimensional visualization, with many applications in the investigation of biomedical specimens, especially in the area of ophthalmology. 1 The method has been under constant development since its introduction in the year 1991. 2 It achieves high resolution imaging on the micron level with a high sensitivity and a large dynamic range by the interferometric detection of backscattered and reflected light from structures and interfaces in the sample. 3 Based on the principle of white-light interferometry, the most common OCT setup is a Michelson interferometer illuminated by a temporally low-coherence light source. Mainly near-infrared light sources are used to penetrate the surface of opaque or turbid materials by some millimeters to yield depth information. A depth scan ͑A-scan͒ of the reference mirror provides interference between the sample and reference beams and a depth-resolved reflectivity profile is obtained. By deflecting the sample beam with a xy-scanner, cross-sectional ͑B-scans͒, or three-dimensional ͑3D͒ imaging is possible.
Besides the traditional time-domain OCT 4 new techniques have been developed and established to enhance performance and imaging quality. Spectral-domain ͑SD-͒OCT 5, 6 and swept-source ͑SS-͒OCT 7 lead to improved sensitivity [8] [9] [10] and imaging speed. Scan rates up to 568 600 A-scans/s for SS-OCT 11 and 312 500 A-scans/s for SD-OCT 12 have been realized, which enables real-time monitoring. Supported by improved light sources ultrahigh resolution ͑UHR-͒OCT with depth resolutions down to 1 m and superior imaging quality becomes available. 13, 14 High resolution imaging combined with new contrast mechanisms is often required for many applications in materials research because in many cases structures with sizes of a few microns are relevant.
In recent years, applications for nonmedical purposes have become interesting and now find their way into industrial use. 15, 16 Implementations can be found in the field of optical metrology 17 and noncontact material characterization. The decoupling of lateral and axial resolution allows the measurement of structures with a high aspect ratio like bore holes. 18 The determination of the refractive index 19 is also possible as well as measurements of thickness 20 and distances 21 or the survey of roughness of a specimen's surface. 22, 23 A more sophisticated utilization of OCT is the combination with established measurement and manufacturing processes such as laser-induced breakdown spectrometry to provide additional ablation depth information for spectrometric analysis 24 or high speed in situ cross-sectional depth profiling of ultrafast micromachining by using one light source for both imaging and machining. 25 Process control with OCT in general has been reported to supplement manufacturing 26 or to replace sensors in harsh conditions to enhance measurement precision. 21 Recently, imaging rates were presented, which allow investigating the temporal dynamics of the laser ablation process itself. 27 The introduction of so called functional OCT has added more aspects to this field of applications. Spectroscopic analysis, 28 flow characterization 29 for microfluidics, and evaluation of strain fields 30 are just a few examples.
Hence, one of the largest fields of industrial utilization so far can be found in NDT/NDE. Imaging and characterization of laser-induced damage sites in optical components 31 or the investigation of different polymers, ceramics, and composite materials 32, 33 have been reported. However, for material investigations many applications demand the visualization of the whole sample surface, which cannot obtained by point ͑A-scan͒ or cross-sectional ͑B-scan͒ measurements. Thus transversal ͑en-face͒ scanning is needed to yield the essential information. 34, 35 It has been shown that this technique is capable to outperform imaging methods that rely solely on the confocal principle. 36 In general, noncontact process control for high resolution laser micromachining can be fulfilled by many optical techniques, e.g., fringe projection, triangulation, confocal microscopy, or interferometry. Of all optical methods, the white light interferometry is distinguished by the fact that the accuracy with which a surface can be determined does not depend on the aperture, i.e., the focusing angle of the incident radiation to the surface. 37 In addition, the use of a SD-OCT makes mechanical scanning of the sample in z direction unnecessary and keeps the mechanical complexity moderate. Therefore, fast and high precision surface detection, even with large working distance, limited space, and within structures with high aspect ratio can be achieved. Especially the comparatively simple integration into established measurement and manufacturing processes seems a promising way to establish new techniques and shows the versatile capabilities of OCT for industrial applications. In particular, high precision laser processing methods such as ablation, pattering, or 3D micromachining can benefit from this kind of process control. This paper will present the integration of a UHR-SD-OCT with the ability of surface imaging into an existing F 2 -laser processing system. Possible applications such as NDT of micromachined surfaces or alignment purposes will be shown.
II. OPTICAL SYSTEM AND SETUP
The F 2 -laser processing system consists of a F 2 -laser ͑Lambda Physik LPF 220i͒, a 157 nm beam-shaping and -delivery system ͑MicroLas Lasersystem͒, high precision target positioning drives, and beam and sample-alignment diagnostics. It has been described in detail previously. 38 Ablative processing of materials is performed in a mask projection configuration. The laser delivers up to 25 mJ single-pulse energy with 15 ns pulse duration at 1-200 Hz repetition rate. Homogenization and imaging optics are assembled in a 3 m long aluminum chamber, which is flushed with nitrogen gas to provide transparency at 157 nm. The mask is illuminated with the homogenized laser beam and imaged onto the work piece at 25ϫ demagnification using a Schwarzschild objective of 0.4 numerical aperture ͑NA͒. The optical system provides a uniformly illuminated target field of size 240ϫ 240 m 2 . The target sample is positioned outside the chamber on a high precision translation stage. A gas flow nozzle separates the imaging optics from the sample to provide a protective and transparent stream of nitrogen gas to the working area on the target surface ͓Fig. 1͔. With this setup, ablative machining even of transparent materials such as glass and quartz is possible, as the short wavelength of 157 nm serves for efficient absorption. Thus, high precision manufacturing of optical components such as submicron gratings 39 or microlenses on the end faces of optical fibers 40 has been demonstrated. Due to the short wavelength being used in combination with the high NA of the Schwarzschild objective the depth of field ͑DOF͒ is very limited. According to the well-known equation
the DOF is about 1.0 m. This must be taken into account during the alignment process to secure precise processing. In a basic version, the alignment of the image plane ͑z-alignment͒ is accomplished using the camera of the sample alignment system or by applying a test series of ablation spots with varying z to find the exact image plane. Both methods are time consuming and not very reliable, the latter is even damaging part of the work piece. Furthermore, online control of the sample position for longer manufacturing processes is not possible and the detection of tilted sample surfaces a major problem. For these reasons, a more sophisticated alignment and focus control method is needed. The adoption of the OCT ability for surface detection is implemented here to solve these problems. The OCT system consists of a commercial SD-OCT imaging system ͑Thorlabs Inc.͒, including the data acquisition and the illumination, combined with a customized Michelson interferometer and a galvanometric scanner system. The OCT imaging system has an A-scan sample rate of 1.4 kHz and uses a superluminescent diode for illumination with an output power of 8.4 mW. The central wavelength is 0 = 926.3 nm with a full width at half maximum bandwidth of ⌬ = 95.1 nm. The axial resolution ⌬z of the OCT systems can be described by
and depends on the coherence length l c of the light source. Since SD-OCT acquires a depth-resolved reflectivity profile with a single A-scan, the maximum scanning depth z max is determined by
where n is the sample's refractive index and N is the number of spectrometer detector elements. According to this equation, the maximum scanning depth scales linearly with the number of detector elements. With N = 1024 the theoretical measurement depth of our OCT system is z max = 2.3 mm with an axial resolution of ⌬z = 3.9 m. An obvious advantage of OCT is that the axial and lateral resolutions are decoupled, so that it is possible to optimize the system design for lateral scanning without affecting the axial resolution. The lateral resolution itself depends on the optical constraint of the sample arm optics and is described by the resolution limit for image formation in microscopes 41 ⌬x = 0.61
NA
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In our case, the OCT uses the same Schwarzschild type reflective objective that is used for the laser processing beam. This is possible due to the broadband reflective coating and the achromatic nature of this optics device. The 0.4 NA of the Schwarzschild objective provides a lateral resolution of ⌬x = 1.4 m at the OCT wavelength and, according to Eq. ͑1͒ a DOF of 5.8 m. For defining the position of a surface, the measured OCT peak was fitted with a parabolic function and the exact position of the maximum was determined.
With optical smooth surfaces, the measurement precision was limited by mechanical vibration and with optically scattering surfaces the accuracy was reduced due to speckle formation.
The setup and beam path of the Michelson interferometer is shown in Fig. 2 . The emitted light is guided from the imaging system by a single mode fiber to the Michelson interferometer and split into the reference and sample arms. The reference arm is folded twice to keep the setup as compact as possible. The integration of the OCT through the existing sample alignment system makes in situ monitoring of the target field and the mask possible. For coupling the OCT beam path into the sample alignment beam path, a cube beam splitter was integrated under the illumination port of the sample alignment. After that the OCT beam path is identical to the sample alignment beam path, passes the field lens of the F 2 -laser optical processing system, and is focused into the mask plane. From there, the focus spot is imaged by the Schwarzschild objective onto the target field. The sample arm optics were customized so that it meets the necessary optical conditions for monitoring the target field of both the Schwarzschild objective and the mask. For monitoring the mask plane, it is required to match the shorter sample arm by swing a mirror tub into the reference arm.
For surface scans, the sample arm can be deflected by a galvo scanner system ͑6210H, Cambridge Technology, USA͒. The scanner system allows us to scan the whole target field ͑240ϫ 240 m 2 ͒ of the F 2 -laser processing system with a maximum number of 542ϫ 542 A-scans for one image. In principle, it is possible to scan the whole Schwarzschild objective field of view of 720 m, but the empty mask holder restricts the maximum scanning field to 300ϫ 300 m 2 .
III. SYSTEM PERFORMANCE
Main purpose of the installed OCT is the in situ surface detection and imaging for alignment purposes and NDE before, during, and after laser processing. We demonstrate here the potential of the setup to imaging structures with high aspect ratio, which are not accessible for most common analyze tools such as confocal microscopy or scanning electron microscopy ͑SEM͒. Furthermore, it is shown that the ability of in situ characterization is beneficial for samples which are difficult to handle in the standard analysis such as optical fibers, which may be too long and bulky for investigation under a microscope or SEM. In particular, SEM is restricted to spot test or the inspection of prototypes because of the contamination by the required metal coating. Figure 3 shows a SEM image of a line grating on the end face of a 400 m multimode optical fiber which was manufactured by the F 2 -laser processing system. Due to the large size of the grating, ablation of each line by a slit mask was 
A. Surface inspection

B. Work piece alignment
OCT is not limited to inspection purposes, also work piece alignment is feasible. It is possible to even remove the specimen from its holder and to realign it within the optical system with the help of the OCT.
Figures 5͑a͒-5͑c͒ shows a simple "stepped pyramid" structure, which was ablated in a three step process, by reducing the lateral length of a square mask ͑2.5, 1.25, and 0.5 mm͒ inserted in the mask plane for every ablation step. First, the surface was detected by the OCT and moved to the image plane of the Schwarzschild objective. A square aperture mask with a lateral length of 2.5 mm was used for the ablation. Sixteen pulses with a fluence of 4 J / cm 2 were applied, so that a square was ablated in the material. An A-scan by the OCT at the center of the structure delivered a depth of ϳ2.1 m. The sample was released from the holder and investigated under a reflected-light microscope ͓Fig. 5͑a͔͒. The sample was then replaced to the holder and realigned by the OCT. For the next step, the lateral size of the square aperture mask was reduced to 1.25 mm and the abovementioned ablation was applied again. The structure depth measured by the OCT at the center was now 4.8 m. A third step with a lateral mask size of 0.5 mm was performed and resulted in a final depth of 8 m at the center of the structure. Figure 5͑a͒-5͑c͒ shows that realignment of the sample was successful and every ablated structure has sharp boundaries. A comparison with depth measurements taken by a confocal microscope ͑Sensofar Plu 2300͒ after the end of manufacturing are shown in Table I . A surface image of a more suitable pyramid structure was taken to demonstrate the capability to detect debris which is produced during the manufacturing process. Comparison between the reflected-light microscopic and the OCT images shows that the debris deposited around the topmost square could be clearly resolved by the OCT ͓Figs. 6͑a͒ and 6͑b͔͒. Furthermore the roughness induced by the F 2 -laser ablation on the surface of the micromachined structure 43 can be detected by the OCT ͓Figs. 6͑c͒ and 6͑d͔͒.
C. Resolution
To evaluate the performance of our measurement system, we used a lithographically manufactured phase mask. This four-step phase mask was well characterized 44 and used for beam shaping of partial coherent UV laser beams. Every step has a height of 126Ϯ 3 nm with a lateral pixel size of 2.5 m. Figures 7͑a͒ and 7͑b͒ shows surface images taken with the OCT. The picture ͑a͒ shows an area of 150ϫ 150 m 2 consisting of 300ϫ 300 A-scans. The different heights of the steps are well-defined and gray-scale resolved. By reducing the scan area to 50ϫ 50 m 2 , also with 300ϫ 300 A-scans, not only the individual pixels can be clearly distinguished, it also makes defects smaller than the pixel size of 2.5 m visible ͓Fig. 7͑b͔͒. For comparison purposes, pictures taken by SEM and a reflected-light microscope are shown in Fig. 7͑c͒ and 7͑d͒ . For defining the position z S of a surface, the measured OCT peak was fitted with a parabolic function by
where z p and I p are the coordinates of the maximum value and the proximate values I p−1 and I p+1 . Figure 8 shows exemplary the parabolic fitting to the OCT data for two surface points at nearby pixels with different step heights. The difference of these two points is the step height. In this example, we found a height difference of ⌬z S = 0.125 m.
IV. CONCLUSION
We have presented an implementation of an UHR-SD-OCT into an existing F 2 -laser processing system for in situ NDE of micromachined surfaces and alignment purposes. We compared the surface images taken by the OCT with common analysis tools such as SEM, reflected-light, and confocal microscopy. The results show that it is possible to use OCT for surface detection and imaging in the field of laser micromachining. Furthermore reliable focusing and tilt Here, further improvement of the current setup is needed. Scanning rates up to 200 kHz are desirable. With proper synchronization to the F 2 -laser processing system online measurement of the ablation rate or investigation of the temporal dynamics of the laser ablation process itself should be possible. Especially for industrial application a more compact and rugged setup without fiber guidance is needed. On balance, the OCT has proven to be versatile for both surface imaging and sample alignment. The integration into the F 2 -laser processing system has already reduced processing time, rejection rate, and enhanced the whole manufacturing process itself by the capability of in situ NDE.
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